The diagnostic criteria for acute myeloid leukemia (AML), not otherwise specified, with minimal differentiation (AML-M0, French-American-British classification), have been refined in the 2008 World Health Organization (WHO) classification. Terminal deoxynucleotidyl transferase (TdT) expression in AML-M0 has been proposed by others as a surrogate for RUNX1 (runt-related transcription factor 1) mutations, a mutation associated with distinct gene expression profiles in AML-M0. In this study, we investigated the significance of TdT expression in AML-M0 cases defined using the 2008 WHO classification criteria. Demographic, laboratory and clinical information were obtained from the hospital medical records. Statistical analysis was performed using Student's t-test, log-rank test and Fisher's exact test. The study group included 30 AML-M0 patients (male:female ¼ 19:11; median age: 60 years). In all, 10 cases of AML-M0 were positive for TdT( þ ) and 20 cases were negative for TdT( À ). Patients with TdT þ AML-M0 had higher peripheral blood and bone marrow blast counts compared to patients with TdT À AML-M0 (P ¼ 0.01). TdT expression in AML-M0 was not associated with a distinct immunophenotype. Monoclonal IgH and TCR gene rearrangements were frequent, but independent of TdT expression in AML-M0. TdT expression in AML-M0 correlated with trisomy 13 and inversely correlated with aberrations of chromosomes 5 and 17. Among six patients with AML-M0 who received a stem cell transplant, overall survival was significantly longer for the three TdT þ patients compared with the three TdT À patients (P ¼ 0.03). In the TdT þ AML-M0 subgroup, the three patients with stem cell transplant had better overall survival compared with five patients who did not receive stem cell transplant (P ¼ 0.01). We conclude that AML-M0, as currently defined in the 2008 WHO classification, can be divided into two groups based on TdT expression. Although there is a need to assess a greater number of patients, our results suggest that TdT positivity in AML-M0 identifies a subset of patients with a better prognosis after stem cell transplant. Keywords: acute myeloid leukemia; AML-M0; minimal differentiation; RUNX mutations; TdT Acute myeloid leukemia (AML), not otherwise specified, with minimal differentiation, is a type of AML without evidence of myeloid differentiation by light microscopy morphology and cytochemistry. 1 This category corresponds, in part, to AML-M0 in the French-American-British (FAB) classification scheme, 2 and based on convenience, the AML-M0 terminology is used in this study. Patients with AML-M0 represent approximately 5% of all patients with AML, with infants or older adults most often affected, and patients usually have a poor prognosis with low remission rate. [1] [2] [3] [4] [5] The blasts of AML-M0 are usually medium sized, but they can be small,
resembling lymphoblasts. By definition, myeloperoxidase is present in o3% of AML-M0 blasts by cytochemistry; however, the blasts have immunophenotypic evidence of myeloid lineage shown by expression of early myeloid antigens such as CD13, CD33 or CD117. Mature myeloid/monocytic markers are usually not expressed. Nuclear terminal deoxynucleotidyl transferase (TdT) expression is reported to be positive in approximately 50% of AML-M0 cases. [1] [2] [3] [4] [5] [6] No specific chromosomal abnormalities have been associated with AML-M0. 1 Although the category of AML, not otherwise specified, with minimal differentiation has been recognized by the World Health Organization (WHO) classification since 2001, the criteria for diagnosis have been refined in the more recent edition of the WHO system. 1 In particular, in older literature a subset of AML-M0 cases were reported to have a history of a myelodysplastic syndrome, simultaneous evidence of myelodysplasia or complex and unbalanced cytogenetic changes. 3, 7 These cases are now likely to be classified as AML with myelodysplasiarelated changes in the current WHO system as shown in Figure 1 . 1 As a result, the frequency of AML with minimal differentiation is reduced and the category has become more 'exclusive'. Thus, older literature describing the clinicopathological and cytogenetic features of AML-M0 patients does not match with cases currently classified as AML-M0, and we are not aware of any clinicopathological studies describing AML-M0 using the new WHO criteria.
To date, no single genetic mechanism explaining leukemogenesis in cases of AML-M0 has been identified. However, RUNX1 (runt-related transcription factor 1), a transcription factor involved in hematopoietic differentiation, has been shown to be mutated frequently in AML-M0, and is associated with poorer clinical outcome. [8] [9] [10] Mutations in RUNX1 are clustered within, but are not restricted to, the Runt homology domain, and therefore comprehensive mutational analysis requires sequencing of at least eight exons. 8, 9, 11 Clinical testing for RUNX1 mutations is therefore not routinely performed. Recent genome-wide analyses has shown that TdT expression is upregulated in AML-M0 with RUNX1 mutation. 10, 12 Three TdT probe sets were among the top four in an eight probe set classifier used to identify AML-M0 with RUNX1 mutation. 10 As TdT expression is routinely tested by flow cytometry for all new acute leukemias, TdT may be useful as a convenient surrogate for RUNX1 mutation.
The aims of this single institution study were to review cases of AML with minimal differentiation as defined using the current WHO classification criteria, and to subdivide this group according to TdT expression. To the best of our knowledge, this study provides the first description of the clinicopathological characteristics of AML-M0 cases defined with the current WHO criteria. This study also shows that the AML-M0 category remains heterogeneous and that subdivision according to TdT expression identifies two distinct subsets of patients.
Methods

Patient Selection
The study was approved by the Institutional Review Board of MD Anderson Cancer Center. An informed consent was obtained from all patients included in the study. A total of 30 patients with de novo AML, not otherwise specified, with minimal differentiation were identified in the files of our department for the time interval 1 January 2002 to 31 December 2008. We excluded from the study group any patients with history or concurrent evidence of myelodysplasia, myeloproliferative neoplasm or therapy-related myeloid neoplasms. Patients who received chemotherapy previously were also excluded. For the final study group, medical records were reviewed with regard to therapy, including stem cell transplant, as well as response to therapy and survival.
Cytochemistry and Immunophenotyping
Flow cytometric immunophenotyping was performed on bone marrow aspirates in all patients and was analyzed using multicolor analysis and a FACScan instrument (BD Biosciences, San Jose, CA, USA) as described previously. 13 The panel of antibodies included: CD2, surface CD3, cytoplasmic  CD3, CD4, CD5, CD7, CD8, CD10, CD13, CD19, CD20,  cytoplasmic CD22, CD33, CD34, CD38, CD45, CD52 , CD56, CD64, CD123 and TdT.
Cytogenetics and Molecular Studies
All cases were analyzed by conventional cytogenetics analysis as described previously. 13 Molecular testing for mutations in RAS (KRAS and NRAS) and FLT3 was performed as described previously. 14, 15 PCR-based testing was performed to analyze the immunoglobulin heavy chain gene (IGH), T-cell receptor b gene (TCRB) and T-cell receptor g gene (TCRG) as described previously. 16, 17 Statistical Analysis Statistical analysis was performed using Student's two-tailed t-test, log-rank test, and Fisher's twotailed exact test as applicable.
Results
TdT Expression in AML-M0 is Associated with Higher Blast Counts
The study group (Table 1) included 19 male and 11 female subjects with a median age of 60 years (range, . A complete blood count at diagnosis showed cytopenias. The median white blood cell (WBC) count was 2.2 Â 10 9 /l (range, 0.3-226; reference range, 4-11), hemoglobin 9.7 g/dl (range, 5.6-13.3; reference range, [14] [15] [16] [17] [18] TdT in AML with minimal differentiation KP Patel et al appeared to have a higher male:female ratio, median age, WBC count and platelet count, and the TdT À AML-M0 group appeared to have higher serum LDH levels ( Table 1) .
TdT Expression in AML-M0 is not Associated with a Distinct Morphology or Immunophenotype
In the study group, no correlation was observed between TdT þ and TdT À cases and blast or bone marrow morphology. By definition, all cases of AML-M0 were negative for myeloperoxidase expression (o3% positive blasts) by cytochemistry and flow cytometry. Of 30 (43%) cases, 13 showed expression of a T-or B-cell-associated antigen (CD2, CD5, CD7 or CD19), but these cases did not meet the criteria for mixed phenotype acute leukemia, NOS, as specified in the current WHO classification (Table 2) . No significant differences in the expression of T-or B-cell antigens were observed between TdT þ and TdT À AML-M0. No significant differences were observed in the expression of CD13, CD33, CD34, CD56, and CD117 between TdT þ and TdT À AML-M0. No significant association was observed between the percentage of blasts expressing TdT and expression of lymphoid markers.
TdT Expression in AML-M0 Correlates with Trisomy 13 and Inversely Correlates with Aberrations of Chromosomes 5 and 17
Conventional karyotyping of bone marrow aspirates from 30 AML-M0 cases showed a diploid karyotype in 8 (27%), a non-complex (o3 chromosomal abnormalities) karyotype in 7 (23%) and a complex karyotype (Z3 chromosomal abnormalities) in 15 (50%). On the basis of the number and type of chromosomal aberrations, 16 (53%) patients had intermediate-risk and the remaining patients had poor-risk cytogenetics. No significant differences in the cytogenetic risk groups were observed between patients with TdT þ and TdT À AML-M0 ( Table 2 ).
The most frequent chromosomal abnormalities in AML-M0 involved chromosomes 5 (8/30, 27%), 7 (8/ 30, 27%), 11 (7/30, 23%), 17 (7/30, 23%), 13 (6/30, 20%), 8 (6/30, 20%) and 21 (4/30, 13%) ( Table 2) . Chromosome 13 gains, two with trisomy 13 and one with tetrasomy 13, were only identified in patients with TdT þ AML-M0 (3/10; 30%; P ¼ 0.03). All TdT À AML-M0 cases with abnormalities involving chromosome 13 showed loss or deletion (3/20; 15%; P ¼ 0.5). Aberrations of chromosome 5 (8/20; 40%) or chromosome 17 (7/20; 35%) were identified only in patients with TdT À AML-M0 (P ¼ 0.03 for each). There were no other significant differences in the frequency or nature of chromosomal aberrations between the TdT þ and TdT À AML-M0 groups.
Monoclonal IGH and TCR Gene Rearrangements are Frequent in AML-M0 and are Independent of TdT Expression
Previous studies have shown frequent monoclonal antigen receptor gene rearrangements in AML-M0 cases. 18 In this study, based on the analysis of bone marrow aspirate samples, monoclonal antigen receptor gene rearrangements were observed in 12 of 23 (52%) cases tested. T-cell receptor g or T-cell receptor b or both gene rearrangements were most frequent in 11 of 23 (48%) cases. Monoclonal IGH gene rearrangements were identified in 4 of 18 (22%) cases tested. No significant differences were observed in the frequency of gene rearrangements in TdT þ versus TdT À AML-M0 cases ( Table 2) . TdT in AML with minimal differentiation FLT3 gene mutations were identified in 5 of 28 (18%) and RAS (KRAS and NRAS) gene mutations in 3 of 25 (12%) AML-M0 cases tested. FLT3 mutations occurred in both TdT þ and TdT À AML-M0 patients with similar frequency (P ¼ 0.34). KRAS/ NRAS mutations were limited to patients with TdT À AML-M0 (3/18, 17%; P ¼ 0.53) ( Table 2) . Table 1) . Overall, 17 of 26 (65%) patients achieved CR and 9 (35%) patients did not. Average and median overall survival of AML-M0 patients were 23.5 and 10.6 months, respectively (range, 2.4-96.6). In 24 patients with available survival information, 1-and 5-year survival rates were 11 of 24 (46%) and 2 of 24 (8%), respectively.
Patients with TdT þ AML-M0 appeared to show a slightly better 5-year survival (2/9, 22%) compared with patients with TdT À AML-M0 (0/15); however, this difference did not reach statistical significance (P ¼ 0.13). There was no significant difference in induction responses (CR, CRi, PR, refractory), achievement of CR, overall survival and 1-year survival between patients with TdT þ versus TdT À AML-M0 (Table 2) .
Available clinical information showed that 6 of 26 patients received stem cell transplant, including 3 of . The overall survival is likely to improve for the TdT þ AML-M0 group because all three patients receiving stem cell transplant are still alive. There was no significant difference in the cytogenetic data, response to induction therapy or achievement of CR between the groups, suggesting that TdT expression can be used as an indicator of beneficial outcome in patients treated with stem cell transplant (data not shown).
Characteristics of TdT þ AML-M0 in this Study Differ from Those Reported for AML-M0 with RUNX1 Mutation
Recent studies showed a high degree of correlation between RUNX1 mutation and TdT expression in AML-M0. 10, 12 We compared the characteristics of TdT þ AML-M0 in our study with other reports of AML-M0 with RUNX1 mutation. 8, 9, 19 TdT expression in this series, 10/30 (33%), is comparable to the reported frequency of RUNX1 mutations, 35-41%, in AML-M0. 8, 12 Patients with AML-M0 with RUNX1 mutation have been shown to have a higher male-to-female ratio and a higher median age at presentation. 19 In contrast, we did not observe significant differences in these parameters between TdT þ and TdT À AML-M0 subgroup. RUNX1 mutations have been shown to be associated with CD34 and HLA-DR expression, and absence of CD33, CD15, CD19 and CD56 expression. 19 We did not see any immunophenotypic differences between TdT þ and TdT À AML-M0 in this study ( Table 2) . AML-M0 patients with RUNX1 mutation are reported to have a significantly higher serum LDH level compared with AML-M0 patients with wild-type RUNX1. 19 In our study, we did not find statistically significant differences in the serum LDH levels between patients with TdT þ and TdT À AML-M0 (Table 1) . RUNX1 mutation in AML is shown to be associated with poor induction response, failure to achieve CR, poor overall survival and poor disease-free survival. 19 We did not see significant differences in these parameters between patients with TdT þ and TdT À AML-M0 (Table 3) . On the contrary, patients with TdT þ AML-M0 showed better overall survival after receiving stem cell transplant as described above. However, we did identify one similarity. Trisomy 13 has been shown to be associated with RUNX1 mutation in AML-M0, 8, 9 and we also detected trisomy/tetrasomy of chromosome 13 only in TdT þ AML-M0 cases (3/11; 27%). Thus, despite the reported correlation between RUNX1 mutation and TdT expression, in this series the clinical presentation, immunophenotype and outcomes of patients with AML-M0 with TdT expression appear to differ from AML with RUNX1 mutation, except for a common association with trisomy/tetrasomy 13.
Discussion
This study had two major goals. First, we wished to assess the clinicopathological, immunophenotypic and cytogenetic features of AML-M0 as the definition of this disease has been refined in the current version of the WHO classification. Second, we wished to subdivide and assess AML-M0 cases according to TdT expression, based on recent data suggesting that TdT expression is a surrogate for RUNX1 gene mutations.
In the current WHO classification, the major change in criteria is the recognition of AML with myelodysplasia-related changes. Cases previously recognized as AML-M0, using either the FAB classification or the older 2001 WHO classification, are now reclassified as AML with myelodysplasia-related TdT in AML with minimal differentiation changes. Figure 1 shows an algorithmic approach for the subclassification of AML using the 2008 WHO classification. 1 In this study, from a group of approximately 100 cases with FAB-M0 morphology as defined in the FAB system, we excluded 70 cases, now mostly reclassified as AML with myelodysplasiarelated changes. As a result, the AML-M0 category is now substantially smaller and our study represents a more accurate description of AML-M0 as currently defined. We are not aware of another study describing the clinicopathological and cytogenetic features of patients with AML-M0 using the current criteria.
Recently, gene expression profiling of AML-M0 cases has shown two distinct subgroups, one of which is fully associated with RUNX1 mutations 10, 12 and the other which shows poor overall survival. RUNX1 (also known as AML1 and by other names) is a member of the core binding factor (CBF) family of transcription factors. RUNX1 encodes the a-subunit of CBF and is involved in the development of normal hematopoiesis. 20 Most RUNX1 mutations are clustered in, but are not limited to, the Runt domain and result in defective DNA binding but active b-subunit binding. 11 Chromosomal translocations involving the RUNX1 gene are well documented and have been associated with several types of leukemia such as the RUNX1-RUNX1T1 fusion transcript in AML with t(8;21)(q22;q22). 1 RUNX1 can contribute to leukemogenesis, either as a tumor suppressor gene or an oncogene in various other hematological malignancies. 21, 22 Sporadic point mutations are frequently found in three leukemia entities: AML-M0, AML with MDS-related changes and secondary (therapy-related) MDS/AML. 11, 23, 24 In AML-M0, half of the RUNX1 point mutations are reported to be biallelic, although the frequency varies with ethnicity. 11 Comprehensive analysis for RUNX1 gene mutation requires analysis of eight exons and is not currently available in many molecular diagnostic laboratories including our own. However, the authors of the recent gene expression profiling study showed that TdT expression highly correlates with RUNX1 mutation, and they proposed that TdT can be used as a surrogate for RUNX1 mutation status in AML-M0. As TdT expression is conveniently detected by flow cytometric analysis and is a standard of care for the workup of new acute leukemias, we subdivided the cases of AML-M0 into TdT þ (n ¼ 10) and TdT À (n ¼ 20) groups.
In our study, we used a cutoff for TdT expression of 25% blasts, to avoid flow cytometry artifact of cell permeabilization and to ensure TdT expression by a significant number of blasts. Our results show that TdT expression breaks out AML-M0 cases into two distinctive groups. Patients with TdT þ AML-M0 showed higher blood and bone marrow blast counts at the time of diagnosis, trisomy/tetrasomy 13 in a subset (B30%) of cases and complete absence of aberrations involving chromosomes 5 and 17. To our knowledge, no studies showing the features of TdT þ AML-M0, as defined using the 2008 WHO classification, have been reported. A meta-analysis of features of TdT þ cases within reported cohorts of AML-M0 cannot be performed because of inclusion of AML with myelodysplasia-related changes or therapy-related AML in the cohort, inclusion of cases showing higher expression of myeloperoxidase than allowed by the current diagnostic criteria and inconsistencies in immunophenotyping studies used in prior reports. [25] [26] [27] [28] Absence of chromosomal 5 abnormalities in our study is in contrast to a previous report showing abnormalities in chromosomes 5 and/or 7 in 5/19 (26%) AML-M0 cases. 28 Importantly, no correlation was observed between the TdT expression status and blast or bone marrow morphology in AMl-M0.
We observed a partial overlap, at best, between the features of patients with TdT þ AML-M0 in this study and patients who have AML with RUNX1 mutations as reported by others. The frequency of TdT expression in AML-M0 in our study is comparable to the reported frequency of RUNX1 mutation in AML-M0. 8, 12 Patients with TdT þ AML-M0 are predominantly male, as has been reported for patients with AML associated with RUNX1 mutations. 19 All patients with gains of chromosome 13 had TdT þ AML-M0. Association of trisomy 13 with RUNX1 mutation and increased FLT3 expression has been reported previously. 8, 9 However, unlike patients with AML associated with RUNX1 mutations, the TdT þ AML-M0 group of patients in this study did not have a higher median age, higher serum LDH levels or a lower rate of CR upon induction chemotherapy and poor outcome as has been reported. Several explanations can be provided for partial but not complete overlap between the features of RUNX1-mutated AML and TdT þ AML-M0. RUNX1 mutation (mono-versus bi-allelic, point mutation versus insertion/deletion, domain affected) may influence TdT expression, or TdT may be upregulated by pathways other than RUNX1 mutation.
The cytogenetic data in the TdT þ and TdT À AML-M0 groups also suggests that these subsets are biologically different. All chromosome 13 aberrations in TdT þ AML-M0 involved gain of chromosome 13, whereas chromosome 13 aberrations in TdT À AML-M0 involved losses. Similarly, aberrations involving chromosomes 5 and 17 were limited to the TdT À AML-M0. It is possible that in TdT þ AML-M0 with trisomy 13, higher levels of FLT3 could contribute to a poorer outcome. Although we did not test for FLT3 mRNA expression levels, we did not notice any differences in FLT3 mutation status between TdT þ and TdT À AML-M0. Interestingly, the gene expression signature in AML-M0 with RUNX1 mutation showed a unique signature of genes, many of which are related to early B-cell development. 10 Our study did not show association of TdT expression with expression of lymphoid markers in AML-M0.
TdT encodes a DNA polymerase normally expressed during early stages of pre-B and pre-T lymphocyte development. 29 Some reports suggest that TdT expression in AML-M0 may reflect bi-phenotypic acute leukemia with myeloid predominance. In addition, frequent monoclonal IGH/TCRB rearrangements have been reported in AML-M0 with TdT expression. 18 We detected monoclonal antigen receptor rearrangements in 6 of 10 (60%) TdT þ AML-M0 cases, similar to a previously reported frequency of 61% (8/13) in TdT þ AML-M0. 18 No statistically significant difference was observed in the frequency of monoclonal gene rearrangements or expression of T-/B-cell markers between TdT þ and TdT À AML-M0. This was true even when T-/B-cell marker expression was correlated to the amount of TdT expression. These findings suggest that TdT expression does not correlate with partial lymphoid differentiation in AML-M0 as defined using the 2008 WHO criteria. TdT expression in AML-M0 appears to correlate with the minimally differentiated nature of the blasts rather than a representation of a lymphoblastic component.
Our study is limited by not having RUNX1 mutation analysis for comparison with TdT expression; however, a goal of the study was to see if cumbersome RUNX1 analysis can be replaced with a more convenient assessment of TdT expression. From previously reported studies, it is evident that while there is a correlation between RUNX1 mutation and TdT expression as a whole in the study group, it may not be true for an individual patient. 10, 12 Also, by using the current WHO classification criteria for the group of AML-M0, the sample size has become smaller. Some of the properties of TdT þ AML and TdT À AML-M0 that trended towards being different, but could not reach statistical significance, need to be investigated in a larger cohort of patients.
Importantly, significant improvements in overall survival were noted with stem cell transplant for patients with TdT þ AML-M0 compared to TdT À AML-M0. TdT þ AML-M0 patients who received a stem cell transplant showed better outcome compared to TdT þ AML-M0 patients who did not. No significant contributing factors could be identified that could explain these differences. The findings suggest that TdT expression may correlate with unique biological properties that directly or indirectly contribute to the beneficial effect of stem cell transplant. Owing to the retrospective nature of the study, the patients were not uniformly treated. The observation that TdT þ AML-M0 patients show beneficial effect of stem cell transplant needs to be confirmed in a controlled clinical study with uniformly treated patients.
In summary, in this study we show that patients with TdT þ AML-M0 show different clinical features than those reported for AML with RUNX1 mutation. However, TdT þ AML-M0 shows clinicopathological features distinct from TdT À AML-M0 and TdT þ AML-M0 patients seem to benefit from stem cell transplant. TdT expression can be conveniently assessed using either flow cytometric analysis of bone marrow aspirate and peripheral blood or by immunohistochemistry staining of paraffin-embedded bone marrow biopsy and clot sections. Further clinical studies are required to confirm and elaborate the beneficial effects of TdT expression in the setting of stem cell transplant for patients with AML-M0.
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